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CHAPTER I 
INTRODUCTION 
Insecticide resistance is no longer a problem in insect 
control and crop management; it has become a major crisis 
affecting both agriculture and health worldwide. Crops that 
are threatened or that have already incurred severe losses 
due to resistant insects include cabbage in southeast Asia 
(Diamondback moth, Plutella xylostella). greenhouse tomatoes 
in the Netherlands (the leafminer, Liriomvza brvoniae) and 
cotton in Egypt and Central America (Egyptian cotton 
leafworm, Spodoptera littoralis and beet armyworm, Spodotera 
exigua, respectively). Similar situations in the United 
States include that of onions in Michigan (Onion maggot, 
Hylemya antiqua), cotton in Texas and California (Tobacco 
budworm and bollworm, Heliothus viriciens and H_j_ zea, 
respectively), apples in the Nortwest (Two-spotted spider 
m^te' trianus urticae) , soybean and corn in the midwest 
(Corn rootworm, Diabrotica barberi), and potatoes in the 
Northeast (Colorado potato beetle, Leptinotarsa 
decimlineata) (Croft and Dover 1986). Livestock, such as 
cattle in Australia, is also threatened by insecticide 
resistance in medically important insect vectors (Cattle 
tick, Boophilus microplus). Similarly, insecticide 
resistance in pests affecting human health continues to 
plague vector-borne disease control programs. One hundred 
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species of mosquitos are resistant to one or more compounds, 
and at least four are resistant to all five insecticide 
classes (Georghiou 1986). Insecticide resistance is largely 
responsible for the 40-fold increase in malaria incidence in 
Packistan and India, as well as increases elsewere (Croft 
and Dover 1986). 
Besides these medical and agricultural problems, 
insecticide resistance has had a severe impact on the 
environment. The United Nations Environment Programme 
(1979) reported pesticide resistance as the chief cause of 
pesticide abuse and overuse. This has led to increased 
exposure of crops, wildlife, domesticated animals, and 
humans. The long-term health effects of this exposure are 
just now being fully realized. 
Insecticide resistance was first noted in 1908, yet only 
12 insects were reported to have developed resistance by 
1946 (Georghiou 1980b). The discovery of the insecticidal 
properties of DDT and other residual chlorinated 
hydrocarbons after World War II brought about a vast change 
in pesticide use patterns, including a greater reliance on 
insecticides because of their efficacy and low cost. It 
i 
also brought an exponential increase in the number of 
resistant insects until in 1980, 428 insect species were 
reported to be resistant to at least one insecticide 
(Georghiou 1980b). 
3 
In the 1950’s, the ’’Era of Optimism" as Metcalf phrased 
it, insecticides that showed resistance problems were merely 
replaced. This obviously is not the case today. In 1956, 
the ratio of compounds screened to compounds marketed was 
1800:1, at a cost of 1.4 million per compound. In 1984, the 
ratio had climbed to 18,000:1 and the cost rose to at least 
20 million per compound (Georghiou 1986). Also, it is 
obvious that new, innovative insecticides such as 
diflubenzuron and methoprene can be just as subject to 
resistance problems as previous insecticides (Hammock et. 
al. 1977, Pimprikar and Georghiou 1979, Metcalf 1983) 
Despite developments in non-insecticidal insect control, 
such as biocontrol by predators and parasites and sterile 
male release programs, insecticides are and will continue in 
the near future to be the major form of insect control. 
Integrated pest management stategies (i.e. IPM) have reduced 
growers dependance on insecticides, yet insecticides are 
vital, integral components that make these strategies 
possible. Also, the potential exists for insects to develop 
resistance to many non-insecticidal control strategies, such 
as mating disruption due to pheromone release (Haynes et al. 
1984) and crop rotation (Krysan et al. 1986). If insect 
control is to remain effective, the usable lifespan of 
insecticides must be increased to allow new insecticides to 
be developed and marketed as replacements. This means new 
pesticide use strategies must be developed based on 
4 
information on how resistance evolves in a selected 
population. 
COLORADO POTATO BEETLE - CASE OF CONTROL FAILURE 
The Colorado potato beetle (CPB, Leptinotarsa 
decimlineata) has become one of the most notorious examples 
of insect control failure and insecticide resistance for a 
variety of reasons. The CPB was an obscure insect on the 
eastern slopes of the Rocky Mountains before the 1850's. By 
1874, it had spread to the Atlantic coast and had threatened 
many settlers with starvation due to crop failure. In 1922, 
the CPB became a pest of international importance by 
becoming established in the Bordeaux region of France. From 
there it steadliy spread to its current range, including 
most of continental Europe, the Urals and Caucaus mountains 
of the USSR, and parts of Turkey. 
The beetle devastates crops by its voracious feeding. 
Fourth instar larvae consume more than 500mm2 foliage per 
day and adults from 130 to 1200mm2 per day (Radcliffe 1982) . 
The CPB can have up to 4 generations a year and is very 
fecund, maximally producing over 2000 eggs in 40 days (Brown 
et al. 1980, Radcliffe 1982). Their intense feeding can 
cause complete defoliation and injury to stems. In large 
part, the pesticide industry was created in response to this 
devastation. The first pesticide sprayers and application 
technologies were designed for use against CPB. Early 
arsenicals such as Paris green, London purple, and lead 
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arsenate were among the most popular of the early 
insecticides (Lashombe et al. 1983). Besides the obvious 
environmental concerns associated with the use of these 
compounds, resistance to arsenicals became evident on Long 
Island in the early 1940's. CPB is one of only 12 insects 
species to have developed documented resistance to heavy 
metal insecticides prior to the introduction of DDT in 1946. 
The CPB was the first insect to have DDT field tests run 
on it in 1939 when the Swiss potato crop was threatened 
(Lashombe et al. 1983). Because of the effectiveness of 
DDT, CPB became a "non-pest" of potatoes and U.S. yields 
increased from 10.5 tons/ha in 1945 to 17.1 tons/ha in 1950. 
However, this success was short-lived. In 1952, the CPB on 
Long Island become one of the first agricultural pests to 
become resistant to DDT. Then began a long, monotonous 
series of insecticide introductions and failures, best 
illustrated by the Long Island experience (Forgash 1984) . 
Resistance developed to 20 insecticides, including 
cyclodienes, organophosphates, and carbamates. In 1979, the 
pyrethoids, fenvalerate and permethrin, were given emergency 
registration for use on CPB on Long Island. In two years, 
the CPB had the notable distinction of being one of the 
first insects to become resistant to an entirely new class 
of insecticides, the pyrethoids. It is ironic to note that 
recently growers have reverted back to rotenone, a botanical 
insecticide used in the pre-DDT era. Nonetheless, the fate 
of rotenone as a control agent of CPB on Long Island is 
inevitable and will follow the same scenario as the other 
insecticides so long as chemical control strategies are 
unaltered. 
Long Island used to have one of the highest yields of 
potatoes, with 2 crops per season. Now, many growers are 
already switching to other crops, such as grapes, since it 
is no longer economically feasible to grow the once 
productive potato crop. So while Long Island and Northeast 
growers are not threatened by starvation as settlers were in 
the 1850's and 1860's, the economics of paying over $400.00 
per acre for insecticides to control CPB is forcing growers 
out of business. 
FACTORS UNDERLYING RESISTANCE 
If new chemical use strategies are to be successful, they 
must be based on the knowledge of those factors influencing 
resistance development. Georghiou outlined these under the 
three main headings of Genetic, Biological, and Operational 
factors (Georgiou et al. 1977a). 
GENETIC 
Resistance Allele Frequency - Resistant individuals alway 
exist in large populations due to spontaneous mutations. 
The frequency of resistant individuals is equal to the 
number of new resistant mutations minus the number of those 
individuals with the resistance mutation being selected out 
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of the population. This initial frequency has been 
estimated to be anywhere from 10“2 to 10“13 (Georghiou et 
al. 1977a, Whitten et al. 1982). Since resistance mutations 
are usually rare, resistant individuals are almost always 
heterozygous in accordance with Hardy-Weinberg Laws 
(p2:2pq:g2). Although different resistance allele 
(R-allele) frequencies will influence population size, the 
initial frequency of the R-allele in a computer simulation 
model by Taylor (1977) had little influence on the rate of 
increase of the R-allele frequency. Georghiou (1983) has 
pointed out that in certain chemical use strategies, such as 
insecticide mixtures, the initial R-allele frequency may be 
important since at lower initial R-allele frequencies there 
will be less chance for an individual to have two different 
R-alleles. 
Number of R-Alleles - Monogenically based resistance is 
easier to develop and more stable than polygenically based 
resistance. Also, monogenic individuals will be present at 
greater initial frequencies as opposed to polygenic 
individuals. If the initial frequency of resistance 
mutation is 10“8 prior to insecticide selection, the 
frequency of any individual having two resistant mutations 
is 10”16 (Whitten et al. 1982). Monogenic resistance is 
more stable because it remains easy to select a resistant 
monogenic individual after selection pressure has relaxed 
and susceptible individuals have interbred with resistant 
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individuals. As susceptible genes are bred into the 
polygenically resistant genome, individuals may possess one 
of the genes necessary for resistance but they will still be 
susceptible. Linkage could alter this since groups of 
resistance genes would be passed on together. In this case, 
polygenic resistance would act like monogenic resistance and 
would be stable even after the introduction of susceptible 
individuals into the population. 
Dominance of R—Allele ~ Dominance is defined as an allele 
that fully manifests its phenotype in the heterozygous state 
(King 1985). This can change under different conditions. 
Dominance in laboratory studies would mean that both 
homozygous and heterozygous individuals would have the same 
LDao. In the field, dominance may also depend on the dose 
an individual receives (Curtis et al. 1978, Taylor and 
Georghiou 1979, Wood and Mani 1981), since certain selection 
intensities will kill heterozygotes with intermediate 
dominance and others will not. The resistant gene frequency 
will increase faster if the gene is dominant or nearly 
dominant than if it were recessive since both homozygous and 
heterozygous indivividuals will survive if the gene is 
dominant, whereas only homozygous individuals will survive 
if the gene is recessive (Curtis et al. 1978) . Under some 
conditions, such as extreme selection pressures (e.g. > 97% 
selection) or little immigration, only homozygote resistant 
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individuals will survive and the effects of dominance are 
less pronounced (Dowd et al. 1984) . 
Other genetic characteristics affecting resistance 
development are if the R-allele is autosomal, sex-linked, or 
inherited via maternal influence. Sex-linkage has rarely 
been demonstrated in insecticide resistance (Yust et al. 
1943, Kerr 1960). Maternal influence has been proven in a 
case of C02 tolerance (L'Hiertier 1970), but has never been 
demonstrated in insecticide resistance. Because of this, 
the large majority of insecticide resistance mechanisms have 
been determined to be due to autosomal factors. 
Relative fitness of R-Allele and Coadaptation - The R-allele 
is generally thought to be less fit than the susceptible 
allele (S-allele) in the absence of insecticide pressure. 
If this were not the case, it would occur at a greater 
frequency in the population prior to selection (Crow 1957) . 
Developmental time, fecundity, and fertility are the usual 
parameters measured to gauge fitness differences. Also, 
population cage studies can estimate fitness by measuring 
genotypic frequency changes over time. Roush and Plapp 
(1982) found that diazinon-resistant house flies had 57% to 
89% of the fitness relative to a susceptible strain but 
found no signifigant fitness differences between the 
heterozygote and susceptible flies. The classic example of 
this sort of hybrid vigor is malaria resistance in Homo 
sapiens. In the heterozygote individual (i.e., hybrid), 
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both normal and sickling hemoglobin proteins are produced 
resulting in a hybrid which is resistant to malaria yet does 
not suffer from sickle cell anemia. Similarly, resistance 
to warfarin in rats is due to an altered vitamin K reductase 
which increases the daily requirement of vitamin K to 3-7 mg 
compared to < 0.5 mg in susceptible individuals. The 
fitness of the homozygous resistant rat in unselected 
populations is 0.36 due to this increased need for vitamin 
K. However, the heterozygote rat needs only 1 mg vitamin K 
and is still resistant to warfarin (Bishop 1982). The 
frequency of resistance would regress slowly after cessation 
of pesticide selection in these cases since the heterozygote 
individual would be as fit as the susceptible individual. 
In the worst case scenario, a "supergene" (i.e., cis- 
heterozygote) would form. A cis-heterozygote forms when 
chromosomal crossing over occurs between the resistant and 
susceptible allele to form two linked genes on one 
chromosome (Bishop 1982). The regression period for this 
gene would, as demonstrated in the fluoroacetate resistance 
in the western gray kangaroo, Macropus fuliqinosus, be 
essentially infinite. 
The importance of fitness differences in resistance 
development has also been questioned. In computer 
simulation models, Georghiou and Taylor (1977a) and Dowd et 
al., (1984), found that only a very strong fitness 
disadvantage was able to suppress resistance development. 
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Futhermore, Tabasnik and Croft (1982) found little effect of 
fitness disadvantage on resistance development unless 
immigration was present in their simulation model. 
Coadaptation via fitness modifiers is thought by some 
researchers to be important in resistance development. 
Resistance has been described as being unstable in the early 
stages of development until fitness modifiers can make the 
gene more stable (Georghiou and Taylor 1986). In other 
words, a new model genotype must be built around the R- 
allele. Of the five papers dealing with the presence of 
fitness modifiers (Amin and White 1984, Beeman and Nanis 
1986, Helle 1965, McKenzie et al. 1982, and Whitehead et al. 
1985), one case has been demonstrated (i.e., McKenzie et al. 
1982). Many investigators hold different views as to the 
presence and importance of fitness modifiers. Obviously, 
this is an area in need of further research. 
BIOLOGICAL 
Life Table Parameters - The two most important life table 
criteria for resistance development are fecundity and 
generations per year. Increasing fecundity increases the 
chance for resistant individuals through spontaneous 
mutation. Also, species with high fecundities can tolerate 
higher selection pressures (Georghiou 1986b). 
Increasing the number of generations selected per year 
increases the rate of resistance development, since this 
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allows selection to take place over a shorter timespan. 
Georghiou (1980a) quantified this relationship using 
dieldrin resistance in seven soil insects. Hvlema species 
completing 4 generations a year developed resistance in 5 
years while Melanotus tamsuvensis, with a 2 year life cycle, 
took 20 years to develop resistance. Tabashnik and Croft 
(1985) made a similar correlation using a computer 
simulation model and empirical data on azinphosmethyl 
resistance in apple orchard insects. In both the model and 
the orchard study, it took Rhaqoletis pomonella (1 
generation/year) more than 25 generations to develop 
resistance, while it took Tetranvchus urticae (12 
generations/year) approximately 1 year to develop 
resistance. Also, the Long Island population of CPB can 
have up to 3 generations a year, whereas other areas with 
fewer or no resistance problems have only one generation 
(i.e. Northern Maine). 
Immigration - The effect of immigration on resistance 
development has been studied by numerous researchers using 
computer simulation models, cage studies, and field data. 
Although there has been conflicting results with computer 
simulation models, overall these models have shown that 
increasing immigration delays the onset of resistance. 
Comins (1977) felt that resistance would be suppressed by 
immigration but that outward flow from the treated area 
would eventually raise the R—allele frequency in the 
13 
untreated area. Once the frequency was above a certain 
threshold in the untreated area, immigration effects would 
be nullified. Taylor (1979) challenged this assumption and 
used a model where the immigration was one way into the 
treated area, keeping the immigrants susceptible. Under 
these conditions, control was achieved without resistance. 
The effect of immigration is most pronounced at high 
dose rates that kill heterozygotes. Under these conditions, 
only homozygote resistant individuals survive and mate with 
susceptible immigrants which produce only heterozygote 
resistant and susceptible individuals. If there is little 
or no immigration, the heterozygote individuals will mate 
with each other producing homozygote resistant individuals 
which would increase resistance development. At low dose 
rates, immigration did not change the rate of resistance 
development unless accompanied by a severe reproductive 
disadvantage (Tabashnik and Croft 1982). They also found 
that other factors such as fecundity, survivorship, and 
initial population size had little effect in the absence of 
immigration, and the effects of initial R-allele frequency, 
reproductive disadvantage, and dominance were also reduced. 
In another computer simulation study, immigration at high 
levels did not supress resistance when the initial R-allele 
frequency was high (P = 0.01), since immigration resulted in 
the influx of resistant as well as susceptible individuals 
(Georghiou and Taylor 1977a). 
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Taylor et al., (1983) was able to delay resistance in a 
cage study by varying immigration and the persistence of the 
selecting insecticide, dieldrin. The treatment with the 
lowest R-allele frequency (P = 0.15) had immigration and a 
fast decay of dieldrin, while the treatment with the highest 
R-allele frequency (P = 0.91) had no immigrants and no 
insecticide decay. Tabasnik and Croft (1985) measured 
migrant ratios (susceptible immigrants/residents in the 
treated area) in apple orchard arthropods and were able to 
correlate this with resistance development (i.e., the larger 
the migrant ratio, the longer it takes for resistance to 
develop). The wide range of migrant ratios of insect pests 
underscores the need to tailor management programs to 
particular species and even to locales. 
Refugia is a concept related to the immigration of 
susceptible individuals. This artificially allows 
susceptible individuals to recolonize areas that have been 
treated with insecticide. Refugia could potentially be very 
useful in resistance management, particularly in cases where 
there is little immigration into treated populations. 
OPERATIONAL 
Chemical (Residual Life) - One of the most important aspects 
of pesticides in resistance development is the persistence 
of the compound. Although a compound must be field-stable 
for it to be efficacious, residual compounds will cause 
greater resistance problems since more individuals are being 
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selected against over a longer time and no susceptible 
individuals are allowed to immigrate into the population. 
Since residual compounds decay slowly, the dose an 
individual is exposed to decreases to the point that it 
might make the R-allele dominant. This has been shown in 
simulation models, cage studies, and in practice (Mani and 
Wood 1984, McGaughey 1985, Taylor and Georghiou 1982, Taylor 
et al. 1983). Unfortunately, many non-persistant 
insecticides are now being marketed as slow release 
encapsalated formulations and may cause the same operational 
problems as residual compounds. 
Chemical (Mode of Action) - Compounds which share a similar 
mode of action can have cross-resistance by altered-site 
insensitivity. Examples of this are the altered 
cholinesterases in rice leaf hopper, Nephotettix cincticeps, 
which confers various levels of resistance to a variety of 
carbamates and organophosphates (Hama 1983), and the 
knockdown (kdr) resistance mechanism to DDT and pyrethoids 
in houseflies. Resistance due to this mechanism can vary 
from 5- to 1000- fold (Plapp et al. 1979). Compounds 
similar in structure can also show metabolic cross¬ 
resistance (Georghiou et al. 1975). 
The site-specificity of an insecticide can greatly 
affect resistance development. Early heavy metal 
insecticides, such as the arsenicals, and the copper-based 
fungicides have had few resistance problems presumably 
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because they act at multiple sites (Georghiou 1980b). It 
would be difficult for site-insensitivity resistance 
mechanisms to evolve to these cytoplasmic poisons, since a 
different mutation would have to occur at each site, causing 
polygenic resistance. Nevertheless, metabolic resistance is 
possible with multi-site insecticides, even heavy metals. 
The active trivalent form of arsenic, an inhibitor of 
oxidative enzymes, can be metabolically inactivated by 
oxidation to the relatively non-toxic pentavalent form 
(Hayes 1982). But here again resistance would tend to be 
polygenic since metabolism in one area (i.e. midgut) may 
protect one site but will not protect against penetration of 
the insecticide at another site (i.e. via insecticide 
penetration of the cuticle). It should be noted, however, 
that resistance can still occur even with multi-site 
insecticides (Forgash 1984). 
Life Stages Treated - Ideally, only adults that have mated 
should be exposed to insecticides in order to suppress 
resistance development. This allows susceptible alleles to 
be passed on to the next generation. This is usually 
impractical because larva most often are the damaging life 
stages. 
Selection Intensity - The final operational factor is the 
selection intensity of the insecticide dose. Varying 
selection pressure can have profound effects on resistance 
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development (Georghiou and Taylor 1977b, Dowd et al. 1984), 
due to the conservation of the susceptible allele. Accurate 
economic threshold levels and other IPM techniques that 
reduce the amount of selection via insecticides obviously 
should be developed and encouraged. 
Currently, much research time and money is being spent 
on developing plant strains resistant to insects and other 
pests by genetic selection through biotechnology. A good 
example is the incorporation of the gene producing Baccilus 
thurinaensis toxin into the tobacco plant genome (Crawford 
1986). There are undoubtably many benefits to this new 
technology, but caution should be exercised due to potential 
resistance problems with this strategy. If the control 
agent is being continually produced by the plant, it will 
act much like a long lasting residual compound and so 
encourage resistance. Also, if each plant is continually 
producing the control agent, nearly 100% of the population 
will be exposed to the toxin regardless of the economic 
threshold of the population. This nullifies factors that 
can possibly delay resistance such as refugia that often 
occur in sprayed fields or the use of economic threshold 
levels. If biotechnology is to contribute to pest control 
programs, these potential problems must be solved before 
such products can be marketed. 
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RESISTANCE MANAGEMENT 
Georghiou (1980b, 1983) outlined three categories of 
resistance management, management by moderation, saturation, 
and multiple attack. The first of these strategies, 
management by moderation, has been discussed in the 
operational section (Refugia, lower selection rates, etc.). 
These tactics can be useful in management strategies 
concerning CPB. Establishing economic thresholds, not 
selecting the overwintering generation, and crop rotation 
are three ways that resistance can be delayed. However, due 
to the beetles fecundity, low immigration rate, and other 
biological parameters, heavy insecticide use and pressure is 
sometimes inevitable. 
The second category, management by saturation, can 
involve two strategies. The first, the rendering of the R- 
allele to be functionally recessive, has been alluded to 
previously in this introduction (See p7). Briefly, at 
cetain high doses of insecticide susceptible homozygotes and 
heterozygotes will be killed and only resistant homozygotes 
will be left in the population. When these breed with 
susceptible immigrants heterozygotes will be produced which 
then can be controlled. This control scheme, though 
theoretically appealing, has many practical drawbacks. 
Among these are discovering a dose that will kill 
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heterozygotes and formulating an insecticide for short 
environmental stability. Nonetheless, this strategy could 
not be used with CPB due to the lack of immigration of 
susceptible beetles. 
The other saturation management strategy is the 
suppression of metabolic resistance by synergists. The use 
of a microsomal oxidase inhibitor, piperonyl butoxide (PBO), 
has lengthened the lifespan of insecticides in many cases, 
most notably the pyrethoids. However, there are other 
resistance mechanisms that can not be synergized, such as 
altered site insensitivity, decreased penetration, and other 
metabolic enzymes which do not have effective synergists. 
The CPB has already demonstrated that it can overcome 
synergists. After fenvalerate was given emergency status on 
Long Island in 1979, resistance was detected the following 
year, and by 1982 the compound was completely ineffective. 
By combining fenvalerate with PBO, its effectiveness was 
reestablished . Unfortunely, this was short-lived. By 
1983, the CPB was >600x resistant to fenvalerate and 200x 
resistant to the fenvalerate + PBO combination (Georghiou 
1986). 
The final category is management by multiple attack and 
can involve two strategies, mixture and rotation of 
insecticides. The principle behind these strategies is that 
it forces the insect to evolve polygenic resistance. The 
disadvantages of polygenic resistance and the advantages of 
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multisite toxicity have been previously discussed. These 
strategies assume that all insecticides have different modes 
of action and that cross-resistance among compounds should 
be unlikely. 
The use of insecticide mixtures assumes resistance 
exists in populations at low frequencies so that it would be 
highly unlikely for any individual to posess 2 or more of 
the resistance alleles. Any individual resistant to one 
insecticide would then be susceptible to others. Comins 
(1985) called this "redundant killing". Mixtures also allow 
the application rates of each insecticide to be reduced. If 
an application rate of a single insecticide kills 70% of a 
population, then three insecticides at a 70% population 
control application rate will kill 97.3% of a population. 
This yields not only effective control, it also leaves a 
population at least 30% susceptible to each of the 
insecticides. These susceptible individuals would then be 
available to mate with resistant survivors, making it 
unlikely for an individual to be resistant to more than one 
compound. Synergistic interactions between chemicals and 
negative cross-resistance could further increase the 
usefullness of the insecticide mixture. 
There are two potential problems with the mixture 
strategy. In the house fly, most resistance mechanisms are 
on chromosome II and III (Plapp 1984). In this instance, 
genetic linkage could speed resistance development if a 
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mixture strategy is employed by passing two or more R- 
alleles on without segregation. Insecticide formulation 
could be another problem. Three diverse compounds would 
have to be formulated to degrade quickly and at roughly the 
same rate. If one insecticide were more residual than the 
others, it would select for its R-allele in the population 
without any pressure from the other insecticides in the 
mixture. In this situation, resistance would develop as if 
the compound were being applied singly. 
The other multiple attack strategy is sequential 
rotation. A keypoint of this strategy is the assumption 
that in the absence of insecticide selection, the R-allele 
is less fit than the S-allele allowing its frequency to 
regress over the period of non-selection. In this strategy, 
one insecticide is applied until resistance reaches a 
certain threshold level, such as 5%. The next insecticide 
in the sequence is applied followed by the next until all 
insecticides are applied and the rotation begun again. 
During the period when insecticide A is not being used, the 
resistance gene to insectide A is at a fitness disadvantage 
and so its genotypic frequency decreases in the population, 
ideally to pre-selection levels. At this time, insecticide 
A can be re-applied and the sequence repeated. 
The potential problem with this management technique is 
its dependence on the decreased fitness of the R-allele. 
Roush (1987) has argued that there is no fitness difference 
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in the heterozygote and little diffence in the homozygote 
resistant individual. Occasionally, resistant populations 
have been observed to revert back to susceptiblity, 
particularly in aphids (Bauernfeind et al. 1985). However, 
in the vast majority of cases, populations of high 
resistance frequency regressed back to susceptibility at a 
rate much slower than the selection of resistance. 
There have been four computer simulations which modeled 
two insecticides in various use strategies (Knipling and 
Klassen 1984, Comins 1985, Curtis 1985, Mani 1985). The 
model of Mani is probably the most encompassing in terms of 
population genetics, and overall supports the advantages of 
a mixture strategy. A few of the outcomes of the model are 
that decreasing the initial R-allele frequency, the initial 
linkage disequilibrium value, and the level of dominance, 
and increasing the recombination rate can supress resistance 
in mixtures. Even a dominance level of 0.2 can shorten the 
lifespan of an insecticide by orders of magnitude in a 
mixture strategy. Similarly, Curtis found the mixture 
strategy advantageous when the R-allele was recessive. 
However, when the gene was dominant, linkage disequilibrium 
built up between the two R-alleles and nullified the 
advantage of mixtures. Comins avoided this buildup of 
linkage disequilibrium by treating only 50% of a population 
with insecticides. This by itself would be impossible in 
most agricultural systems, but may hold some promise if used 
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in conjunction with other IPM stratiegies. He also 
discussed the advantages of the multiple attack strategy (i. 
e. increased back selection, or regression of an R-allele, 
and redundant killing,). Both sequential and mixture 
strategies suppressed resistance if back selection was 
possible, although he never quantified the difference 
between the strategies. Only the mixture strategy worked 
via redundant killing, and only under certain criteria. The 
model of Knipling and Klassen's used semidominant resistant 
genes and found that the mixture strategy was able to 
supress resistance for 25 generations, compared to 16 
generations for single application and alternating 
generation application strategies. 
These models have helped to better understand the 
advantages and disadvantages of the multiple attack 
strategies. However, a number of areas were not 
investigated. Contrary to the findings of Crow (1957), 
Knipling and Klassen (1984) and Mani (1985) assumed no 
fitness disadvantage associated with the R-allele. Although 
Mani reported the fitness disadvantage of dieldrin 
resistance in mosquitos as being "slight", this could have a 
major influence on either mixture or rotation strategies. 
Also, Comins in at least one example used a fitness 
disadvantage of 0.8 in the heterozygote. This is greater 
than most known fitness disadvantage levels associated with 
heterozygotes (Ferrari et al. 1981, Roush 1982). Another 
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drawback of these papers is that they did not compare a true 
sequential rotation strategy to a mixture strategy. For 
example, Curtis let the frequency of one resistance allele 
go to 0.5 before changing insecticides, and did not track 
any possible regression of resistance after selection 
ceased. Although Knipling and Klassen alternated 
insecticides every generation, this probably is not the 
optimum way to use a sequential rotation strategy (Georghiou 
1980). Finally, these papers are based on mosquito life 
cycles and focus on problems in vector control projects, 
such as intensive spraying only during tropical wet seasons 
(Curtis 1985). The problems associated with controlling 
agricultural pests may be quite different. 
There have been three main works using cage studies to 
compare sequential and mixture strategies (Pimental and 
Bellotti 1976, Lagunes 1983,, and Pimental and Burgess 1985). 
Unfortunately, the works of Pimental has little bearing on 
the evolution of insecticide resistance, since in the first 
study he uses toxic concentrations of inorganic salts and in 
the latter study, the flies were laboratory selected for 
resistance rather than field selected. (See Roush, 1987, for 
the differences created by the two selection regimes). 
Using three insecticides, Lagunes found that resistance to 
temephos and permethrin was suppressed by an insecticide 
mixture strategy but resistance to propoxur developed. In a 
sequential rotation strategy, permethrin and particularly 
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temephos regressed after selection ceased but proproxur 
remained stable. These results can be explained by the 
genetic nature of the three resistance mechanisms. Temephos 
was monogenic and showed absolutely no cross-resistance to 
non-organophosphate insecticides. Ideally, for multiple 
attack strategies to work, the resistance mechanism should 
be monogenic (Georghiou 1982). It was encouraging that even 
though temephos resistance was not recessive it still 
regressed in the population. Permethrin was polygenic but 
since it showed no cross-resistance to carbamates and 
organophosphates it was capable of regression, albeit slower 
than temephos. Propoxur was not only polygenic but had a 
gene for decreased cuticular penetration of an insecticide. 
This resistance mechanism is noted for the low levels of 
resistance it confers to almost all insecticides. Because 
of this, the decreased penetration gene was selected for 
even when propoxur selection ceased. 
CHAPTER II 
MATERIALS AND METHODS • 
Insect—Strains and Rearing Conditions — A resistant strain 
of CPB (MA—R) was collected from Hadley, Massachusetts in 
1983. A susceptible strain of CPB (SS) was supplied by Dr. 
George Kennedy, University of North Carolina, Raliegh, NC. 
Both strains were occasionally reinforced with new beetles 
either from Massachusetts or from North Carolina during the 
course of these experiments to prevent genetic bottlenecks. 
CPBs were reared in aluminum and fiber glass screen cages 
(26" x 36" x 20") and fed 2-3 week-old Superior or Katahdin 
potato plants, Solanum tuberosceum. CPB rearing conditions 
were 27+2 oC, 50-85% relative humidity, and a 16:8 (L:D) 
photoperiod. To select strains resistant specifically to 
azinphosmethyl or permethrin (i.e. AZ-R and PE-R, 
respectively) an outcrossing method was used (Fig. 1). 
Generation of an Avermectin Resistant Strain - No avermectin 
resistant strain of CPB exists because avermectin has just 
received limited registration and has a novel mode of 
action. Therefore, it will be necessary to generate an 
avermectin resistant strain of CPB in the laboratory. 
Recently, researchers have used ethyl methane sulfonate 
(EMS) to produce insecticide resistant insects (Buchi 1981, 
Pluthero and Threlkeld 1984). EMS is a potent alkalating 
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1 Purification scheme for the establishment of strains 
resistant to one insecticide (azinphosmethyl or permethrin) 
and susceptible to the other. At the F3 generation beetles 
are paired and the progeny bioassayed at a diagnostic dose 
for resistance to each of the insecticides. If the progeny 
are resistant to both insecticides, the breeding pair and 
progeny are discarded. If they are susceptible to one 
insecticide and resistant to the other they will be used to 
found the AZ-R and PE-R strains. 
Purification of Azinphosmethyl Resistant Strain From Field Strain 
PI 
Field Resistant Strain 
RaRaRpRpx 
FI 
F2 
Laboratory Susceptible Strain 
SaSaSpSp <£ (Mass mated) 
\ 
RaSaRpSp of x SaSaSpSp^* (Mass mated) 
\ 
Genome Outcomes 
F3 
(1) RaSaRpSp 
RaSaSpSp 
SaSaRpSp 
SaSaSpSp 
(2) RaSaSpSp 
SaSaSpSp 
—»!>%££ ?^reachl3rbr^ing9i?nee 1fP^!“hrin ls * line is discards t °reeainf 1iine- If the larvae survive the 
srsh S 
wm be used to create a permethrin res^fstrain " techn^« 
Ra = Resistant to azinphosmethyl 
Sa - Susceptible to azinphosmethl 
Rp = Resistant to permethrin 
Sp = Susceptible to permethrin 
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agent that has been used extensively in genetic research for 
over 20 years (Aldrich 1964). It produces mutations by 
alkalating guanine residues in DNA (Lehninger 1982) . It is 
superior to irradiation for producing mutations because it 
does not produce the physiological side effects that 
irradiation can produce. Another reason for using EMS is 
that many cases of insecticide resistance in insects are 
monogenic, and most laboratory selection regimes encourage 
polygenic resistance to occur (Roush and McKenzie 1987) . By 
using individuals with EMS generated mutations and exposing 
them to discriminating doses of an insecticide (i.e. >LD99), 
individuals resistant due to one gene can be obtained. 
Although these mutations are artificial and may not be what 
will occur under field conditions, they provide a good model 
for the study of resistance mechanisms, particularly for 
insecticides that have not been used commercially. 
To minimize contact with EMS, a potent carcinogen, all 
work was done in a P—2 fume hood. Disposable gloves and 
aprons were worn, and all glassware was decontaminated in a 
solution of 0.5% mercaptoacetic acid in 1M NaOH. Several ml 
of 0.025 M EMS solution in sterile 1% sucrose solution was 
applied to a crumpled kimwipe in a 1 pint glass jar until 
saturation. Ten newly eclosed adult males were then allowed 
to feed on this solution for 24 hr. These males were washed 
twice in 70% alcohol to rinse off any excess EMS and placed 
on potato plants with untreated females. Females were not 
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exposed to EMS since this directly damages oocytes (Aldrich 
1964), so any reduction in fertility would be due to lethal 
mutations caused by EMS. A 30% reduction in fertility for 
these pairs indicated a preferable mutation rate. The FI 
larvae were reared to fourth instars and given a 
discriminatory dose of 15ng avermectin per insect. 
Survivors were then mated to susceptible females and the F2 
progeny assayed for resistance as described above. 
Additionally, efforts were made to isolate an avermectin 
resistant strain by applying avermectin to field 
populations. This technique allowed for many insects to be 
selected for quickly. Also, this process avoided the 
"genetic bottleneck" problems associated with many 
laboratory colonies and ensured genetic variation in the 
insects being selected. Plants were sprayed with a 
concentration of 0.0081bs avermectin/acre, a dose which 
kills approximately 99% of the population, and put in cages 
with both larvae and adults. Survivors were taken into the 
laboratory, dosed at 20ng/beetle and allowed to mate. The 
FI progeny were then assayed as described. 
Chemicals Used - Technical grades of the following compounds 
used in this study were obtained from the following sources: 
Avermectin, Merck, Sharpe, and Dohme Co. Inc., Rahway, NJ; 
Azinphosmethyl, ((0,0-Diethyl 0-(2-isopropyl-6- 
methyl-4-pyrimidinyl) Phosphorothioate), 90% purity. Mobay, 
Kansas City, MO; DEF, (S,S,S-tributyl 
phosphorotrithioate), 92% purity, Chem Service, West 
Chester, PA; DEM, (Diethyl malaete), 97% purity. Sigma 
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Chemical Co., St. Louis, MO; PBO, (2-(2-butoxyethoxy)ethyl 
6-propylpiperonyl ether), 99% purity, Chem Service, West 
Chester, PA; Permethrin, (3-phenoxybenzyl (1RS,3RS; 
IRS,3SR)-3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane- 
carboxylate), 93% purity, ICl, Goldsboro, NC. 
Bioassay Procedures - Fourth instar larvae weighing 50-80mg 
each or 24hr-old adults were used in all bioassays. The 
average adult male weight was 119.2mg + 16.3 S.D. and 
142.9mg +14.8 S.D for females. Insecticides were dissolved 
in acetone and applied to the third abdominal segment of the 
larvae or to the second abdominal sternite of the adult 
using a microapplicator (Model M, ISCO, Lincoln, NB) with a 
lOOul glass microsyringe (Hamilton Co., Reno, NV) . 
Insecticides were applied in 1 ul aliquots, except for 
azinphosmethyl at concentrations greater than 50ug/ul. Due 
to the solubility problems of azinphosmethyl at such high 
concentrations, 50 ug/ul were applied in one application and 
another 50 ug/ul were applied 10 minutes later. Control 
larvae were treated with either 1 or 2 ul of acetone as 
required. Up to 20 treated larvae were placed into a 1 pint 
glass jar and supplied with a potato slice post-treatment. 
Up to 10 adults were placed in a one pint glass jar and 
supplied with cut potato stalks placed in aquapics (Aquapic, 
Kokomo, IN) containing 1/4 strength Hoagland's solution 
(Hoagland 1950). Mortality was assessed 24 hr after 
treatment for larvae and 48 hr after treatment for adults. 
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An insect was considered dead if it could not right itself 
in 1 min after being placed on its back. Control mortality 
was adjusted for by Abbot's formula (Abbott 1925) and a 
LOGIT program was used to analyze mortality (Waud 1972). 
Linear regressions were also run to compare selected strains 
using a MINITAB statistical program (Cyber, Universtiy of 
Massachusetts, Amherst, MA). 
Fitness Comparisons - The intrinsic rate of increase, r, was 
calculated for all CPB strains including heterozygous 
strains (i.e. AZ-H and PE-H) which were created by crossing 
the susceptible strain with either AZ-R or PE-R strains. 
All fitness comparisons were made in a walk-in environmental 
growth chamber (Conviron, Fargo, ND) maintained at 28 + 
2 °C, RH 70 + 10%, and 16:8 (L:D) photoperiod. Pairs of 
beetles were placed in 1 pint glass jars covered with nylon 
screening and fed cut potato stalks as in the adult 
bioassay. Fecundity (# eggs) and fertility (# larvae) were 
recorded daily over a period of 30 days. The percentage of 
beetles not laying eggs was also recorded. To determine the 
developmental time of each strain, 300 one day old eggs were 
placed on six fresh potato plants per cage. The larvae were 
allowed to develop and the number of days to eclosion and 
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percentage survivorship recorded. Mortality during 
development was estimated by calculating the number of eggs 
that were infertile from the fecundity data and subtracting 
that from the total number of insects not eclosing. The 
mean replacement rate was calculated by multiplying the 
number of larvae produced (fertility) by the percentage 
surviving to adults. This was then multiplied by the 
percentage of adults laying eggs. Since fitness comparisons 
were only estimated once with the heterozygote strains, the 
fitness values of the susceptible strain recorded during 
that experiment were used to compare the relative r value of 
the heterozygotes. The intrinsic rate of increase was 
calculated by the following equation: r = log mean 
replacement rate / development time. For statistical 
analysis t-tests were used to compare fecundity, fertility, 
and developmental time between strains. 
Synergism Studies - DEF, DEM, and PBO were used to inhibit 
esterase, glutathione-S-transferase, and microsomal oxidase 
detoxification mechanisms, respectively. The synergist was 
dissolved in acetone and applied to larvae in the same 
manner as the insecticides 1 hr prior to insecticide 
application. A LDi o dose of DEF or PBO was used. This was 
determined to be 5ug PBO/larva and lOug DEF/larva. A 100 ug 
dose of DEM, which caused no mortality, was applied 1 hr 
prior to insecticide application. Larvae treated only with 
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synergist were used as controls. Abbott's formula (Abbott 
1925) was used to adjust for control mortality and a LOGIT 
program (Waud 1972) was used to determine LDs o s. The 
synergist ratio (SR), percent synergism (%S), and relative 
percent synergism (see Figure 4) were calculated according 
to the methods described by Brindley and Selim (1984). 
Computer Simulation Model - The computer simulation model 
was written in BASIC for an Apple lie. The model has 3 loci 
(i.e. AZ-R, AV-R, and PE-R, which is sex-linked). The 
initial resistance gene frequency of each of the three R- 
alleles was 10”3. There was random mating and independent 
assortment of the alleles in the model. Three groups of 
dominance and fitness values were used to create three 
gnetic simulations. These simulations modelled situations 
of hybrid vigor, non-hybrid vigor, and coadadaptation. The 
hybrid vigor simulation was based on the relative fitness 
data generated by this thesis. For AZ-R, these values were 
0.2 level of dominance and 0.83 level of relative fitness in 
the homozygote and 0.98 in the heterozygote. For PE-R, 
values were 0.05 level of dominance and 0.95 level of 
relative fitness in the homozygote and 0.97 in the 
heterozygote. Avermectin resistance was modelled with 
variables intermediate between the AZ-R and PE-R alleles. 
AV-R had 0.13 level of dominance and 0.89 relative fitness 
in the homozygote and 0.97 in the heterozygote. In the non¬ 
hybrid vigor genetic simulation all the variables remained 
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the same as for the first simulation except that the 
relative fitness of the heterozygotes was modelled to be 
intermediate between the susceptible and resistant strains. 
These values were 0.91 in the AZ-R heterozygote, 0.97 in the 
PE-R heterozygote, and 0.94 in the AV-R heterozygote. The 
effects of fitness modifiers and the severe fitness 
disadvantage inherent with the R-allele under these 
conditions were modelled in the coadaptation simulation. 
Dominance levels remained the same, but the relative fitness 
of all three alleles was decreased to 0.6 in the homozygote 
and 0.8 in the heterozygote. 
The ecological and economic parameters for CPB were 
obtained from personal communication with Professor D.N. 
Ferro, Dr. C.S. Hollingsworth, and Mr. R.H. Voss (Department 
of Entomology, University of Massachusetts, Amherst, MA). 
The immigration level was set at zero, even though the CPB 
is capable of migration. This is due to the lack of wild 
hosts for CPB in New England, which creates a large 
panmectic population in potato growing areas such as the 
Pioneer Valley in Western Massachusetts. The population had 
reproductive capacities of 25 and 500 for the first and 
second generations, respectively, and a 75% overwintering 
mortality rate. Population control levels were set at 90% 
or 97% mortality. In the mixture strategy, this was done by 
setting all three selection levels at 54% or 70%, 
respectively. The economic thresholds for CPB were 200,000 
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adult beetles/acre for the first generation and 400,000 
adult beetles/acre for the second generation. If the 
population went below 500, which it rarely did, the 
population was reset at 500 according to the same genotypic 
frequencies. 
Four pesticide application strategies were examined with 
the model. A standard application strategy used an 
insecticide until there was >20% R-allele frequency in the 
population and then switched to the next insecticide. The 
mixture strategy simultaneously used all three insecticides. 
Two sequential rotation strategies were simulated. The 
first was based on R-allele frequency threshold. A 5% R- 
allele frequency threshold was used in the threshold 
sequential rotation strategy. Use of the insecticide ceased 
once the threshold was reached and the next insecticide in 
the sequence was used until it produced a 5% level of 
resistance. If all three R-alleles were over 5%, the R- 
allele with the lowest frequency was selected. In the 
second sequential rotation strategy, or alternating 
sequential rotation strategy, an insecticide was used for 
two generations and then automatically alternated with the 
next insecticide in the sequence. 
The population parameters measured were the percentage 
of the population actually controlled (% Control), 
population size (Population/Acre), the frequency of the 3 R- 
alleles (Frequency of Resistant Genes), and the linkage 
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disequilibrium between any two loci (Linkage 
Disequilibrium). Regression rates of the R-alleles were 
calculated by the following equation: 1 - Rio/Ri (where Ri 
is the R-allele frequency when selection has ceased and Rio 
is the R-allele 10 generations after selection has ceased). 
Insecticide failure occurred if the frequency of all three 
resistance alleles was over 20% or if the actual control of 
the population went below 70%. 
CHAPTER III 
RESULTS AND DISCUSSION 
Genetics of Azinphosmethvl Resistance - The MA-R strain was 
calculated to be 435x more resistant to azinphosmethyl than 
the North Carolina susceptible strain (Table 1). 
Considering the 20-30 years of extensive use of 
azinphosmethyl for CPB control in Massachusetts, this level 
of resistance was expected. There was no statistical 
difference between the reciprocal FI crosses (F = 0.27, P > 
0.05, Fig. 2, Table 2). This, together with the 47x 
resistance level of the reciprocal FI crosses (Table 1), 
indicates an autosomal, intermediate form of inheritance. 
FI males from both crosses were then backcrossed to 
susceptible females. If azinphosmethyl resistance was 
monofactorial, the backcross would consist of a population 
of insects that is 50% susceptible to azinphosmethyl and 50% 
resistant at approximately the 47x fold resistance level of 
the FI generation. Instead, there was a further reduction 
in resistance which then stabilized in the two subsequent 
backcrosses (Bcl-3, Fig. 3). This stabilization indicates 
that a major gene is involved in azinphosmethyl resistance. 
If azinphosmethyl resistance was due to two major genes, 25% 
of the backcrossed population would be as resistant as the 
FI population (Georghiou 1969). Unlike the FI beetles, 
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Fig. 2 Logit log-dose mortality curves (Waud 1972) of 
azinphosmethyl to the North Carolina susceptible strain 
(SS), Massachusetts resistant strain (MA-R), and the 
reciprocal FI crosses obtained by crossing either MA-R males 
to SS females (Fl-S 9) or the SS male to the MA-R female 
(Fl-R 9). 
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Fig. 3 Log-dose mortality curves of azinphosmethyl to the 
North Carolina susceptible strain (SS), Massachusetts 
resistant strain (MA-R), both reciprocal FI crosses (FI), 
and the 3 backcrosses generated by crossing a susceptible 
female to the most resistant males of that generation (Bcl- 
3) . 
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Fig. 4 Logit log-dose mortality curves (Waud 1972) of 
azinphosmethyl to the North Carolina susceptible strain 
(SS), Massachusetts resistant strain (MA-R), the 
azinphosmethyl resistant strain (AZ-R), and the FI 
generation obtained by crossing a SS female to a AZ-R female 
(AZ-R FI). 
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TABLE 1 Comparative toxicity of fourth instar larvae of the 
North Carolina susceptible strain (SS) to the MA-R, AZ-R, 
and PE-R resistant strains and to the FI progeny from 
matings of the resistant and susceptible strains of CPB by 
lethal dose determinations. 
Treatment N Slope ; t ci LDo 0 + Cl 
Resistance 
Factor 
FOURTH INSTAR LARVAE 
Avermectin (ng) 
SS 162 2.44 + 0.48 1.70 + 0.30 — 
MA-R 266 2.10 + 0.54 1.33 + 0.20 — 
Azinphosmethyl (ug) 
SS 225 1.50 + 0.47 0.20 + 0.05 — 
MA-R 225 0.92 + 0.32 90.6 + 36.0 435x 
MA-R Fl-R 9a 273 0.41 + 0.20 9.34 + 6.00 47x 
MA-R Fl-S 9 332 0.86 + 0.24 9.39 + 2.70 47x 
AZ-R 383 0.40 + 0.18 27.2 + 14.6 136x 
AZ-R Fl-S 9 334 1.45 + 0.31 1.68 + 0.34 8x 
Permethrin (ug) 
SS 187 2.25 + 0.74 0.06 + 0.01 — 
MA-R 547 1.36 + 0.22 3.33 + 0.54 55x 
MA-R Fl-R 9 549 0.73 + 0.14 0.47 + 0.12 8x 
MA-R Fl-S 9 739 1.17 + 0.18 0.10 + 0.02 1.6x 
Backcrossb 589 0.87 + 0.18 0.06 + 0.02 lx 
PE-R 448 0.96 + 0.19 1.13 + 0.26 19x 
PE-R Fl-R 9 299 0.71 + 0.20 0.14 + 0.06 2x 
a Fl-R are progeny from susceptible male x resistant 
female crosses and Fl-S are progeny from resistant male x 
susceptible female crosses. 
b Backcross beetles are progeny from FI male x SS female 
crosses. 
r 
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TABLE 2 Regression analysis and ANOVA of log-dose percent 
mortality responses from selected paired strains of CPB. 
Paired Strains DFa F R2 b Slope + SEM 
FOURTH INSTAR LARVAE 
Azinphosmethyl 
MA-R Fl-R 9, MA-R Fl-S 9 15 0.27 70.7 34.4 + 3.6 
AZ-R, MA-R + PBO . 12 -0.83 65.6 28.3 + 4.0 
Permethrin 
MA-R Fl-R ?, MA-R Fl-S 9 18 725.00c 75.7 74.3 + 3.5 
Be, MA-R Fl-S ? 15 3.38 80.4 38.6 + 3.4 
MA-R Fl-S 9, SS 9 13 9.15c 81.1 41.7 + 3.9 
ADULTS (Permethrin) 
ss ?, ss of 8 1.97 93.8 68.2 + 2.5 
MA-R 9 , MA-R O' 10 0.50 78.5 52.4 + 3.8 
PE-R 9 , PE-R O' 8 0.32 88.1 58.7 + 2.9 
MA-R FI 9 , MA-R FI d 8 21.00c 51.3 53.1 + 7.8 
PE-R FI 9 , PE-R FI 6 6 19.90c 58.5 54.3 + 5.6 
MA-R FI d , MA-R d 10 2.46 85.3 54.3 + 3.3 
PE-R FI d , PE-R O' 7 1.31 90.1 50.2 + 2.4 
MA-R FI 9 , SS ? « 7 21.60c 32.2 38.9 + 8.9 
PE-R FI 9 , SS 9 7 1.96 91.5 71.3 + 3.3 
a Degrees of freedom. 
b Adjusted for degrees of freedom. 
c Significant at P < 0.05. 
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however, none of the backcross beetles were able to survive 
a lOug dose of azinphosmethyl (Fig. 3). This reduction and 
stabilization of azinphosmethyl resistance indicates that a 
single major gene is involved in azinphosmethyl resistance 
and the dominance of the gene maybe influenced by other 
factors, or the genetic background, of the insect. The 
expressiveness of the gene changed from the FI cross to the 
backcrosses most likely because these factors were diluted 
by the backcrossing to the suceptible genome. Although 
rare, modifying factors have been found in resistant 
insects. The one example of this is diazinon resistance in 
Lucilia cuprina and was thought to be due to the extremely 
heavy and prolonged selection by diazinon (McKenzie et al. 
1982). Similar conditions exist in the selection pressures 
of azinphosmethyl on CPB and may be responsible for the 
possible occurence of modifying factors. 
A strain resistant to azinphosmethyl (AZ-R) but not to 
permethrin was established by outcrossing methods (Table 1). 
It was calculated to be 136x more resistant to 
azinphosmethyl than the susceptible strain and showed semi- 
recessiveness (8x resistance, Table 1) in the FI progeny 
(AZ-R FI, Fig. 4). 
In summary, azinphosmethyl resistance appears to be 
caused by a single, autosomal, intermediately-dominant gene 
that is possibly influenced by other factors. 
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Genetics of Permethrin Resistance - Resistance in the CPB to 
permethrin appears to be due to a single, sex-linked gene. 
This finding was somewhat unexpected, since the CPB has 17 
pairs of autosomal chromosomes plus an XO chromosome .in the 
male and XX chromosome in the female (Hsiao 1983). The 
reciprocal FI hybrid crosses (MA-R Fl-R 9 vs MA-R Fl-S 9, 
Table 1 and Fig. 5) were significantly different from each 
other at the fourth instar stage (F = 725, P < 0.05, Table 
2), indicating a sex-linked factor. A backcross of a FI 
male from the R-female x S-male cross to a susceptible 
female (Be, Fig. 5) was not significantly different (F = 
3.38, P > 0.05, Table 2) from the FI S-female x R-male cross 
(Fl-S 9, Fig. 5). In both of these crosses, the resistant 
male contributed an X chromosome with the resistance allele 
to the female progeny, forming heterozygote females. Since 
the male progeny of this cross received their X chromosome 
only from the female parent, they were susceptible. The 
R-female x S-male FI cross (MA-R Fl-R 9, Table 1) was only 
4.7x more resistant than the S-female x R-male FI cross 
(MA-R Fl-S 9r i.e. 0.47/0.10 =4.7), but had a much shallower 
slope overlapping with the dose-response area of the MA-R 
strain (Fl-R Fig. 5). A shallow slope would be expected 
if the resistant gene was sex—linked and recessive, since 
the FI males from this cross would be resistant and the FI 
females would be susceptible. Although the progeny from the 
S-female x R-male cross were only 1.6-fold resistant 
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Fig. 5 Logit log-dose mortality curves (Waud 1972) of 
permethrin to the North Carolina susceptible strain (SS), 
Massachusetts resistant strain (MA-R)f and the FI generation 
obtained by crossing a SS male to a MA-R female 
(Fl-R female) and a MA-R male to a SS female (Fl-S female), 
and the backcross obtained by crossing a FI male from the 
Fl-R female cross to a susceptible female (Be). 
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Fig. 6 Logit log-dose mortality curves (Waud 1972) of 
permethrin to the North Carolina susceptible strain (SS), 
permethrin resistant strain (PE-R), and the FI generation 
obtained by crossing a SS male to a PE-R female 
(PE-F1), and the Massachusetts resistant strain (MA-R). 
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(MA-R Fl-S ?, Table 1), they were still significantly 
different (F = 9.15, P < 0.05, Table 2) compared to the 
mortality line of the susceptible strain (SS, Fig. 5). 
These results indicate a sex-linked, semi-recessive gene is 
involved in permethrin resistance. 
A strain resistant to permethrin but not to 
azinphosmethyl was established by outcrossing methods (PE-R, 
Fig. 6). It was 19x more resistant to permethrin than the 
susceptible strain (Table 1). Also, the PE-R Fl-R cross had 
almost the exact same shallow slope as the MA-R Fl-R cross 
(0.71 vs 0.73, respectively; Table 1). This shallow slope 
again indicates that a sex-linked recessive allele is 
involved in permethrin resistance since the males would be 
resistant and the females susceptible in both cases. 
To better clarify permethrin resistance in CPB, 
bioasssays were performed on adults in order to compare 
dose-response curves for each sex (Figs. 7 and 8). There 
was no significant difference in permethrin resistance 
between males and females in each of the three strains using 
regression analysis (MA-R F = 0.5, P > 0.05; PE-R F = 0.32, 
P > 0.05; SS F = 1.97, P > 0.05, Table 2), although males in 
two of the strains were slightly more tolerant than females 
(Table 3). This is unusual, since female insects are 
usually more tolerant to insecticides than males and since 
the CPB female is usually larger than the male. Adults of 
both the MA-R and the PE-R strains had approximately the 
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Fig. 7 Logit log-dose mortality curves (Waud 1972) of 
permethrin to adult males and females of the North Carolina 
susceptible strain (SS), Massachusetts resistant strain (MA- 
R), and the FI generation obtained by crossing a SS male to 
a MA-R female (FI). 
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Fig. 8 Logit log-dose mortality curves (Waud 1972) of 
permethrin to adult males and females of the North Carolina 
susceptible strain (SS), permethrin resistant strain (PE-R), 
and the FI generation obtained by crossing a SS male to a 
PE-R female (FI). 
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TABLE 3 Comparative toxicity of adult beetles of the North 
Carolina susceptible strain (SS) to the MA-R and 
PE-R resistant strains and to the FI progeny from the 
resistant female x susceptible male cross of CPB by lethal 
dose determinations. 
Resistance 
Treatment N Slope + Cl LDs o + Cl Factor3 
ADULT 
Permethrin 
SS Male 294 1.73 + 0.38 0.19 + 0.04 — 
SS Female 224 1.82 + 0.44 0.13 + 0.03 — 
MA-R Male 207 1.02 + 0.26 3.25 + 0.91 17x 
MA-R Female 163 1.16 + 0.26 2.53 + 0.61 19x 
MA-R FI Male 219 1.40 + 0.50 6.94 + 2.58 36x 
MA-R FI Female 220 4.02 + 1.46 0.93 + 0.10 7x 
PE-R Male 170 1.11 + 0.38 0.98 + 0.30 5x 
PE-R Female 190 1.14 + 0.45 1.27 + 0.40 lOx 
PE-R FI Male 158 0.90 + 0.56 0.69 + 0.15 4x 
PE-R FI Female 167 0.56 + 0.37 0.16 + 0.12 — 
3 Resistance factor calculated using the same sex in both SS 
and PE-R or MA-R. 
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same LDs o as the fourth instar larvae (Table 1 vs Table 3). 
The adult susceptible beetle was 3x as tolerant as the 
susceptible larvae (0.06ug/larvae compared to 0.13ug/adult 
female and 0.19ug/adult male). Adults of many insect 
species have been shown to have a more competent metabolic 
detoxification system (Silcox et al. 1985). Why the 
metabolic capabilities may have increased in the susceptible 
adults and not in the adults of the other strains is 
unknown. In both the MA-R and PE-R strains, the FI adults 
were produced by crossing R-females to susceptible males 
(Figs. 7 and 8). In both of these crosses, the male progeny 
were significantly more resistant than the female progeny 
(MA-R F = 21.7, PE-R F = 19.87; P < 0.05, Table 2) (Table 
3). This rules out the possibility of most cytoplasmic or 
maternal influences, since both sexes would be resistant if 
this were the case (Tsukamoto 1983). Furthermore, the FI 
males were not significantly different from the males of 
their parental strains (MA-R F = 2.46, PE-R F = 1.31; P < 
0.05, Table 2) (Table 3), which proves that the FI males 
were as resistant as the parental strain. There was one 
difference between the MA-R and PE-R crosses. The FI MA-R 
females were 7x more resistant and significantly different 
from the SS females (F = 21.59, P < 0.05, Table 2) (Fig. 7, 
Table 3), while the FI PE-R females were not more resistant 
or significantly different from the SS females (F = 1.96, P 
> 0.05, Table 2) (Fig. 8, Table 3). However, the slope of 
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the FI PE-R female was much shallower than the SS strain 
(0.56 compared to 1.82) (Table 2), indicating that some of 
these FI PE-R females were able to survive higher doses of 
permethrin than the SS females. This, along with the larva 
data, indicates a single sex-linked recessive or semi- 
recessive gene is involved in permethrin resistance. 
Relative Fitness of CPB Strains - The results of the fitness 
comparisons of the various strains of CPB are summarized in 
Table 4. The PE-R and the two heterozygous strains, AZ-H 
and PE-H, were not significantly different (t-test, P > 
0.05) from the SS strain in fecundity (mean eggs produced) 
or egg hatch (mean larvae). Both fecundity and hatch in the 
MA-R and AZ-R strains were significantly different from the 
SS strain. The number of adult females produced by the MA-R 
and AZ-R strains (106 and 114, respectively) was 
approximately half that of the SS strain (223) (Table 3). 
All of the developmental times of the resistant strains 
were significantly different (t-test, P < 0.05) from that of 
the SS strain (Table 4). This was largely due to the high 
degrees of freedom associated with the development time 
tests (338 to 1128 DF). However, the PE-R (Fig. 9), PE-H, 
and AZ-H strains (Fig. 10) all had considerably overlapping 
standard deviations with the SS strain and the means of all 
of these strains are within one day of each other (Table 4). 
This indicates that there really is no real difference 
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Fig. 9 Bar graph of percent eclosion versus time. 
Susceptible strain (SS) = open bar, azinphosmethyl resistant 
strain (AZ-R) = solid bar, permethrin resistant strain 
(PE-R) = diagonal line bar.. 
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Fig. 10 Bar graph of percent eclosion versus time. 
Susceptible strain (SS) = open bar, azinphosmethyl resistant 
heterozygote strain (AZ-H) = solid bar, permethrin resistant 
heterozygote strain (PE-H) = diagonal line bar. 
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Fig. 11 Bar graph of percent eclosion versus time. 
Susceptible strain (SS) = open bar, Massachusetts resistant 
strain (MA-R) = cross hatch bar. 
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between the developmental time of the SS strains and the PE- 
R, PE-H, and AZ-H strains to make any difference in their r 
values (Table 4). The standard deviation of the development 
time of the MA-R strain (Fig. 11) did not overlap with the 
SS strain and the AZ-R strain (Fig. 9) had little confidence 
interval overlap (Table 4). These differences correlate 
with the differences found in the fecundity and hatch of the 
strains. 
The relative r values correspond well with the previous 
results. The MA-R had the lowest level of fitness (0.76, 
Table 4). This fitness reduction could be due to the 
presence of the resistance genes or to an overall difference 
between the Massachusetts and North Carolina populations. A 
better measurement of fitness differences caused by 
resistance genes is the use of strains that have been 
backcrossed with the SS strain. This isolates the 
resistance gene on a principally susceptible genotypic 
background, so that any fitness differences would be due to 
the resistance gene. In the case of permethrin resistance, 
both the PE-R and the PE-H strains had little or no fitness 
disadvantage (0.98 and 0.96, respectively) (Table 4). The 
AZ-R strain had a reduction in fitness (0.83), but the 
heterozygote AZ-H had no fitness reduction (0.98). This 
last result correlates well with the assumption of R'oush 
(1983) on hybrid vigor often being associated with 
resistance alleles. The fitness differences between the 
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azinphosmethyl and permethrin R-alleles provide some 
interesting contrasts. The CPB has been exposed to 
permethrin for only a few generations and resistance levels 
are relatively moderate (55x, Table 1). Exposure to 
azinphosmethyl has occurred for many generations resulting 
in considerable resistance (435x, Table 1). It has been 
postulated that the early stages of resistance will show 
fitness disadvantages, since fitness modifiers will not have 
had time to become established in the population (Dobzhansky 
1970). This certainly is not the case in permethrin 
resistance which has almost no fitness disadvantage despite 
only recent selection. It can not be deduced from these 
studies if modifying factors have any affect on the fitness 
disadvantage of azinphosmethyl resistance. In one sense, 
fitness factors probably play no role in azinphosmethyl 
resistance adaptation, since there appears to be hybrid 
vigor associated with the azinphosmethyl R-allele. However, 
there is evidence to indicate that modifying factors 
influence the expressiveness of the azinphosmethyl 
resistance allele, so this possibility remains. Only the 
backcrossing method outlined by Crow (1957) would determine 
if modifying factors influence fitness associated -with 
azinphosmethyl resistance. Another question concerning 
permethrin resistance is why, if there is no significant 
fitness disadvantage associated with the permethrin 
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resistance gene, was it at a low frequency level before 
selection began? 
A final point concerns the method used to measure 
fitness in this study. Quantifying life table data provides 
a convenient way to statistically examine fitness 
differences. However, this method only measures a few 
parameters and may miss key elements of fitness differences. 
Cage studies, where strains interspecifically compete for 
resources, may be a better means of gauging these 
differences. An example of the kind of difference that 
could be picked up in the cage study but not in the life 
« 
table study involves the cannibalistic behavior sometimes 
demonstrated by the first instar CPB larvae. When CPB 
larvae hatch, they consume what is left of their egg chorion 
and then sometimes eat other eggs in the egg mass. If one 
strain hatched one day later or even a few hours later than 
another strain, it would be at a very severe fitness 
disadvantage. This disadvantage would be picked up in a 
cage study but not in a life table study. 
Synergism Studies - There have been many instances of 
resistance to phosphorodithioate compounds such as 
azinphosmethyl by oxidative, esteratic, and glutathione-S- 
transferase metabolism (Motayama et al. 1971, Motayama and 
Dauterman 1972, Oppenoorth and Voerman 1975). Both DEM 
(Fig. 12), a glutathione-S-transferase inhibitor, and PBO 
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Fig. 12 Logit log-dose mortality curves (Waud 1972) of 
azinphosmethyl and azinphosmethyl plus DEM mixture ( + DEM) 
to the North Carolina susceptible strain (SS), Massachusetts 
resistant strain (MA-R), and the azinphosmethyl resistant 
strain (AZ-R). 
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Fig. 13 Logit log-dose mortality curves (Waud 1972) of 
azinphosmethyl and azinphosmethyl plus PBO mixture ( + PBO) 
to the North Carolina susceptible strain (SS), Massachusetts 
resistant strain (MA—R), and the azinphosmethyl resistant 
strain (AZ-R). 
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Fig. 14 Logit log-dose mortality curves (Waud 1972) of 
azinphosmethyl and azinphosmethyl plus DEF mixture ( + DEF) 
to the North Carolina susceptible strain (SS), Massachusetts 
resistant strain (MA-R), and the azinphosmethyl resistant 
strain (AZ-R). 
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(Fig. 13), an oxidative synergist, had little synergistic 
action with azinphosmethyl (Table 5), although there was 
some interesting results with PBO. The MA-R azinphosmethyl 
+ PBO dose-response curve was very similar to the AZ-R 
azinphosmethyl dose-response curve both statistically (F>= - 
0.83, P > 0.05, Table 2) and by casual inspection (Fig. 13). 
This could be coincidental, or perhaps a microsomal oxidase 
component of azinphosmethyl resistance in the MA-R strain 
was lost during the backcrossings used to establish the AZ-R 
strain. 
DEF (Fig. 14), a synergist capable of inhibiting a range 
of carboxylic and other hydrolytic esterases (Georghiou et 
al. 1975), gave the highest levels of synergism to 
azinphosmethyl (Table 5). Although the %S values of 90 (MA- 
R) and 84 (AZ-R) seem to indicate that DEF had synergistic 
activity in those strains, the SR value (MA-R 10, AZ-R 6) 
and the R%S values of 29 in the MA-R strain and 27 in the 
AZ-R strain showed only moderate levels of synergism. Since 
the LDso of the resistant strains to the azinphosmethyl + 
DEF combination is still much higher than the susceptible 
strain and the synergist measurements in the SS strain (7, 
85, 24 for SR, %S, R%S, respectively, Table 5) are nearly 
.the same as the resistant strains, it is premature to say 
that DEF is synergizing azinphosmethyl or that 
azinphosmethyl is being metabolized by esterases. Further 
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biochemical analysis is needed to verify this mechanism of 
resistance. 
If there is no metabolism involved in azinphosmethyl 
resistance, it would suggest that the mechanism of 
azinphosmethyl resistance may be an altered cholinesterase 
(Hama 1983). This would be very interesting, since most CPB 
resistance to date has been shown to be metabolic or capable 
of synergism (Silcox et al. 1985, Soderlund et al. 1983) . 
Also, it has been postulated that the CPB and other 
herbivorous insects are prone to developing resistance 
metabolically since they have evolved well-developed 
detoxifying enzyme systems in response to plant secondary 
compounds (Croft and Morse 1972, Mullins et al. 1982) . 
Permethrin had a high degree of synergism in the MA-R 
strain to both the esteratic (DEF, Fig. 15) and oxidative 
(PBO, Fig. 16) inhibitors, but little to DEM (Fig. 17), the 
glutathione S-transferase inhibitor (Table 5). Both DEF 
(Fig. 15) and PBO (Fig. 16) gave almost identical values 
when synergism was measured using R%S (68 and 62, 
respectively) or %S (98 and 98, respectively) (Table 5). 
This is not unexpected since other researchers have 
established the importance of both esteratic and oxidative 
synergism and metabolism in insect resistance mechanisms to 
permethrin (Silcox et al. 1985, Soderlund et al. 1983). DEM 
synergism did increase in the MA-R strain (R%S 68) compared 
to the SS strain (R%S -). However, this is still at a 
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Fig. 15 Logit log-dose mortality curves (Waud 1972) of 
permethrin and permethrin plus DEF mixture (+ DEF) to the 
North Carolina susceptible strain (SS), Massachusetts 
resistant strain (MA-R), and the permethrin resistant strain 
(PE-R). 
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Fig. 16 Logit log-dose mortality curves (Waud 1972) of 
permethrin and permethrin plus PBO mixture ( + PBO) to the 
North Carolina susceptible strain (SS), Massachusetts 
resistant strain (MA-R), and the permethrin resistant strain 
(PE-R). 
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Fig. 17 Logit log-dose mortality curves (Waud 1972) of 
permethrin and permethrin plus DEM mixture (+ DEM) to the 
North Carolina susceptible strain (SS), Massachusetts 
resistant strain (MA-R), and the permethrin resistant strain 
(PE-R). 
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relatively low level and is minor compared to the synergism 
levels of DEF and PBO in the MA-R strain. 
The PE-R strain (Fig. 16) had a similar high level of 
synergism with PBO (SR 39, %S 97, R%S 70, Table 5). The 
synergistic effects of DEF (Fig. 15), while still high in 
the PE-R strain (SR 13, %S 92, R%S 51, Table 5), were 
reduced in comparison to the MA-R strain (SR 65, %S 98, R%S 
68, Table 5). A comparison of the two strains shows that 
the MA-R strain has a higher unsynergized LDso value with 
permethrin (3330ng/beetle, Table 5) than the PE-R strain 
(1130ng/beetle, Table 4), but a lower LDbo value with the 
permethrin + DEF mixture (51ng/beetle, Table 5) compared to 
a similarly treated PE-R strain (86ng/beetle, Table 5). 
There are a number of possible explanations for these 
results. 
Permethrin resistance appears to involve a sex-linked 
factor. This could mean there are two closely linked genes 
on the X chromosome controlling both oxidative and esteratic 
metabolism. This would explain why there was less synergism 
with DEF in the PE-R strain, since outcrossing to get the 
purified PE-R strain may have resulted in the loss of the 
esteratic component that was in the MA-R strain. 
DEF could also have different effects in the two 
strains. If azinphosmethyl resistance is due to an altered 
cholinesterase, the MA-R and PE-R strains would have 
different cholinesterases since the PE-R strain is 
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susceptible to azinphosmethyl. In this situation, DEF may 
bind differently to the two different cholinesterases. 
Another possibility is that the synergistic effects of 
one of the inhibitors is incidental. Brindley and Selim 
(1984) have demonstrated that synergistic data sometimes 
indicates a metabolic form of resistance when there is none. 
This is a distinct possiblity since PE-R is recessive, and 
most metabolic resistance mechanisms are intermediate. 
Biochemical analysis of these detoxifying enzymes in the 
resistant and susceptible strains will give a much clearer 
picture of the differences between the strains and the 
resistance mechanisms involved. 
A final factor to note concerns the three equations used 
to calculate the effects of the synergists. Percent 
synergism (%S) consistently gave higher estimates of 
synergism compared to SR and R%S (Table 5). Some of these 
%S estimates, such as azinphosmethyl + DEF (85,90,84 for SS, 
MA-R, and AZ-R, respectively), may give the impression of 
synergistic activity when there is none. The SR and R%S are 
probably a better means of gauging synergistic levels. 
Generation of an Avermectin Resistant Strain - Avermectin 
(Fig. 18) was shown to be a very effective toxicant against 
the CPB (Table 1, LDs o = 1.7ng/beetle) . It was 200x more 
insecticidal than azinphosmethyl and 60x more insecticidal 
than permethrin in the susceptible strain (Table 1). The SS 
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Fig. 18 Logit log-dose mortality curves (Waud 1972) of 
avermectin to the North Carolina susceptible strain (SS) and 
the Massachusetts resistant strain (MA-R). 
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and MA-R strains had virtually identical dose mortality 
responses and apparently no cross-resistance to any 
previously used insecticide is present (1.70ng/beetle +0.3 
versus 1.33ng/beetle + 0.2, Fig. 18). 
Unfortunatly, the establishment of an avermectin 
resistant strain of CPB was not achieved even though five of 
the nearly 1000 FI progeny tested survived a discriminating 
dose (20ng/beetle) of avermectin. There are a number of 
possible reasons for this. Often fertility was low in the 
FI generation, so there were few F2 beetles to dose. This 
may have been due to sublethal effects caused by avermectin 
or from other recessive lethal mutations caused by EMS. 
Also, if the resistant mutation was recessive, any F2 
individuals would still be susceptible. To test for this, 
F2 beetles not exposed to avermectin were allowed to 
interbreed. The F3 generation should have produced 
approximately 25% resistant individuals. Even in this 
generation, there was no change in avermectin tolerance. 
Finally, fertility changes caused by EMS were never 
quantifiably assessed, although they did seem by observation 
to be evident. Adult beetles appeared to imbibe the sucrose 
solution, so it would seem that they would be exposed to EMS 
by both ingestion and contact. A better means of 
administering EMS might be through an artificial diet. 
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Computer Simulation Model of Resistance Development 
Effect of Mixture and Sequential Rotation Strategies - In 
all three of the genetic simulations, the mixture strategy 
proved to be the most effective overall in delaying 
resistance. At a 90% level of control, the hybrid vigor and 
non-hybrid vigor simulations both showed essentially no 
difference between any of the strategies. The hybrid vigor 
simulation lost effectiveness at approximately 19 
generations (Figs. 19-22) and the non-hybrid vigor 
simulation lost effectiveness at 20 generations (Figs. 27- 
30). This changed dramatically at the 97% control level. 
With increased selection pressure, the effectiveness of the 
standard application (23 and 31) and sequential rotation 
strategies (25,26,33,34) was reduced to 15 generations in 
both genetic simulations. The mixture strategy at 97% 
control, however, extended the effectiveness of the 
insecticides to 20 and 22 generations, respectively (Figs. 
24,32). This delay in resistance despite an increase in 
selection pressure is probably due to the elimination from 
the population of many resistance alleles because of their 
association with genotypes susceptible to at least one 
insecticide. The mixture strategy (Figs. 20,24,28,32)also 
had less fluctuation in the actual percent controlled 
compared to the standard application (Figs. 19,23,27,31) and 
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sequential rotation strategies (Figs. 
21,22,25,26,29,30,33,34). 
Unfortunately, the added efficacy afforded by the 
mixture strategy in these genetic simulations only produced 
a few extra generations of control in the computer 
simulation model. This probably is not enough benefit to 
outweigh the environmental and economic costs of increased 
insecticide use in a mixture strategy. Not only would three 
insecticides be used at once, but the overall application 
rate would have to be able to kill at least 97% of the 
population. This may pose an application problem. Also, 
there exists a possibility of losing three insecticides in 
the same time period it takes to lose one insecticide since 
all three insecticides are applied simultaneously. 
Additionally, the model would have to be validated by either 
cage studies or field work to insure that the results of the 
model are reproducible under field conditions. Although all 
computer simulations to date show that mixtures can be at 
least as effective as standard use strategies, empirical 
data must be gathered to verify this. 
Effect of Increasing the Fitness Disadvantage Associated 
With Resistance - Coadaptation Model - In this situation of 
reduced fitness in comparison to the hybrid vigor 
simulation, the effectiveness of the standard application 
strategy was increased from 18 (Fig. 19) to 26 generations 
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(Fig. 35) at 90% control and 15 (Fig. 25) to 19 generations 
(Fig. 39) at 97% control . 
There was a slightly larger increase noted when either 
of the sequential rotation strategies were used (i.e. 
threshold or alternating) from 18 (Figs. 21 and 22) and 15 
(Figs. 25 and 26) generations to 29 (Figs. 37 and 38) and 21 
(Figs. 41 and 42) generations at 90% and 97% level of 
control, respectively. 
The mixture strategy at a 90% level of control produced 
a similar increase to 30 generations (Fig. 36) from 19 
generations (Fig. 20). At a 97% level of control, effective 
control lasted 34 generations (Fig. 40) compared to 20 
generations in the hybrid vigor simulation (Fig. 24) . An 
additional 15 generations of efficacy was achieved at the 
97% level of control (Fig. 40) using the mixture strategy 
compared to the standard use strategy (Fig. 39) in the 
coadaptation simulation. This increase at a higher 
selection threshold is very similar to the increases noted 
in the hybrid vigor and non-hybrid vigor simulations under 
mixture application strategies. This indicates that if 
coadaptation is important in resistance evolution, the 
mixture strategy would be the best way to suppress 
resistance. This is an interesting discovery since the 
sequential rotation strategy under reduced fitness 
conditions is supposed to be more effective in delaying 
resistance (Georghiou 1983). The 1 or 2 extra generations 
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afforded by the sequential rotation strategy in comparison 
to the standard application strategy hardly merit its worth 
in the coadaptation situation, as well as in the hybrid 
vigor and non-hybrid vigor genetic simulations. 
Regression of Resistance Allele Frequency_Due—to—Reduced 
Fitness - In the non-hybrid vigor simulation at a 90% 
control level under the standard application strategies, the 
frequency of the AZ-R allele regressed by a factor of 0.53 
every 10 generations after azinphosmethyl selection ceased 
(37.8% to 17.8%, Frequency of Resistance Genes, Fig. 27). A 
similar regression rate (0.56) was determined using the 
threshold sequential rotation strategy at a 90% control 
level (6.5% to 2.9%, Frequency of Resistance Genes, Fig. 
29) . 
The regression rates were substantially slower in the 
hybrid vigor simulations at 90% control levels (i.e. 46.5% 
to 29.5%, 0.37, standard application strategy, Fig. 19 and 
8.6% to 6.9%, 0.20, threshold sequential rotation. Fig. 21). 
This demonstrates the importance of hybrid vigor 
particularly in the early phases of resistance when most of 
the R-alleles will be in the heterozygous genotype. In the 
non-hybrid vigor simulation, there was no difference at high 
(37.8%) or low (6.5%) frequency of R-alleles (0.53 and 0.56 
regression rates, Figs. 27 and 29, respectively). In the 
hybrid vigor simulation at a low R-allele frequency (8.6%, 
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Fig. 21) the regression rate was only 0.20, while at the 
higher R-allele frequency (46.5%, Fig. 19) the regression 
rate was 0.37. 
The fitness disadvantage of the AZ-R allele appears to 
have slowed azinphosmethyl resistance development under all 
of the application strategies in both the hybrid vigor and 
non-hybrid vigor genetic simulations. However, the rate of 
regression of the AZ-R allele was too slow in either the 
hybrid vigor or non-hybrid vigor simulation to have had any 
impact on resistance development in the threshold sequential 
rotation strategy (Figs. 21 and 29) compared to the standard 
application strategy (Figs. 19 and 27). To have any impact 
on resistance development, the R-allele frequency would have 
to regress by at least one logarithmic value before it is 
selected for again. This is the probable reason why the 
sequential rotation strategies lasted only as many 
generations as the standard application strategy, regardless 
of the selection pressure. 
Effect of the Control Level on Population Density 
Population control at 90% (Figs. 19-22) resulted in a larger 
and more variable populations and increased the number of 
extra sprays (i.e. selections) needed to maintain the 
population below economic threshold levels under all 
application strategies compared to 97% level of control 
(Figs. 23-26). However, pesticide failure occurred in fewer 
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generations at a 97% level of control under standard 
application and sequential rotation strategies (Figs. 
23,25,26) compared to 90% level of control (Figs. 18,20,21). 
As stated previously, the effectiveness of the mixture 
strategy was increased at the 97% level of control in all of 
the genetic simulations (i.e. hybrid vigor 19 to 20 
generations. Figs. 20 and 24, non-hybrid vigor 20 to 22 
generations. Figs. 28 and 32, and the coadaptation model, 
Figs. 36 and 40) 
It should be noted that the reproductive capacities and 
overwintering mortalities used in the simulations were 
averages taken over 3 field seasons and were subject to 
enormous variation (R. H. Voss Personal Communication). 
With these values, every generation had to be selected even 
if it fell below economic threshold levels. If this were not 
done, at least 2 sprays would be needed in the next 
generation to compensate for the previous generation. This 
shows the importance of monitoring field population 
densities. If the CPB reproductive capacity was depressed 
during one generation due to an abiotic reason (e.g. cold 
weather), it could produce a situation where extra sprays 
during the first generation and any second generation sprays 
might be avoided. 
Effect of the Sex-Linkage of the PE-R Allele - As previously 
stated, dominant alleles will develop in a population faster 
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than recessive alleles (Curtis et al. 1978, Taylor and 
Georghiou 1979, Wood and Mani 1981). The sex-linked PE R 
allele was essentially recessive (0.05 level of dominance), 
yet consistently took less time to develop resistance than 
the AV-R and AZ-R autosomal alleles. Apparently, if the PE 
R allele is associated with a male (XO), it will be 
expressed (i.e. dominant) and so selected for in the 
population. The relationship of dominance and sex-linkage 
is illustrated in Fig. 43. The sex-linked PE-R allele at a 
0.05 level of dominance approximates the generational time 
for the development of resistance for an autosomal factor 
s©t at a 0.3 level of dominance. 
The effect of dominance in an autosomal allele on the 
time for resistance to develop appears to be almost 
logarithmic (Fig. 43). This means that a small change from 
0.05 to 0.1 level of dominance would have a significant 
effect on resistance development, much as it did in the 
model of Mani (1985). This indicates that even slight 
changes affecting dominance (e.g. residual life of 
insecticides) can have profound effects on resistance 
development. 
The importance of dominance was also shown in the 
resistance development of azinphosmethyl and avermectin 
jggistance. Avermectin was modelled to be intermediate 
between AZ-R and PE-R, which made the AV-R allele more 
reproductively fit but less dominant than AZ-R. Under these 
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conditions, AZ-R consistently developed resistance faster 
than AV-R (Figs. 19,20,31,32). These results on the 
relationship between dominance and fitness disadvantage are 
similar to those found by Tabashnik and Croft (1982) , where 
the effects of reproductive disadvantage were dependent on 
immigration and dominance. 
The apparent sex-linkage and relatively little fitness 
disadvantage associated with permethrin resistance limits 
the future of permethrin as a control agent for CPB. With 
the added possibility of cross-resistance, pyrethoids could 
rapidly lose their effectiveness as control agents. 
Linkage Disequilibrium Effects - The linkage disequilibrium 
relationships between any two resistant alleles appears to 
have had little consequence in resistance evolution under 
any of the application strategies or genetic simulations 
tested since linkage disequilibrium rarely varied from -10" 
10 to -10"7 (Figs. 19-22). This may be due in part to the 
initial linkage disequilibrium values of the model. Curtis 
(1985) found that linkage disequilibrium rose rapidly if one 
of the resistance alleles was dominant, negating any 
possible advantages of the mixture strategy. However, his 
initial linkage disequilibrium value was 10*6. In the 
present model, the initial linkage disequilibrium values 
were -10-8, which would be expected if the R-alleles were on 
different chromosomes and the initial R-allele frequencies 
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were 10-3. Mani (1985) demonstrated that positive and 
negative initial linkage disequilibrium values acted very 
differently. Positive values hastened resistance development 
and negative values supressed resistance development. 
Another reason for this difference in linkage disequilibrium 
values could have been the effects of immigration of 
susceptible individuals into the population. Curtis and 
Mani never mentioned if immigration occurred in their 
models. Preliminary results with the present model showed 
that even small levelsof immigration dramatically changed 
the rate of linkage disequilibrium. 
The three loci system used in the present model may be 
another factor affecting linkage disequilibrium. In a three 
loci model, any relationship between 2 loci is lessened by 
selective forces at the third loci. This would obviously be 
evident in the mixture and alternating sequential rotation 
strategies where all three selective pressures are occurring 
nearly simultaneously. This was also true in the threshold 
sequential rotation strategy where linkage disequilibrium 
between AZ-R and PE-R was interrupted once AV-R selection 
began (Figs. 21,25,29,33,37,41). While this three loci 
selection regime did have some effect on linkage 
disequilibrium, simulations with selection at two loci 
produced relatively similar levels of linkage disequilibrium 
(Fig. 44). 
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Another possibility is that the gene frequency 
increased so quickly that the random association of R- 
alleles more than compensated for the selection pressures 
and made any changes in the linkage disequilibruim trivial 
factors. 
There was one example of linkage disequilibrium varying. 
In the standard application (Figs. 19,23,27,31) and 
threshold sequential rotation strategies (Figs. 
21.25.29.33) , the linkage disequilibrium level for AZ-R and 
PE-R began climbing once permethrin selection began and 
peaked at approximately -10“4 (Figs. 
19.21.23.25.27.29.31.33) once the maximum level of 
permethrin resistance was achieved. During these 
generations, there seemed to be selection against linkage 
between AZ-R and PE-R alleles. This is expected in the 
threshold sequential rotation strategy, since in the absence 
of azinphosmethyl selection, the fitness disadvantage 
associated with this allele would favor those individuals 
with only PE-R alleles. However, this did not hinder 
resistance development because the AZ-R allele frequency did 
not regress rapidly enough between treatments (Figs. 
21.25.29.33) and because avermectin selection interfered 
with AZ-R and PE-R disequilibria (Figs. 
19.21.23.25.27.29.31.33) . Finally, the magnitude of change 
of linkage disequilibria was probably not sufficient to have 
any effects on the development of resistance. 
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Fig. 19 Computer simulation of resistance development in 
CPB using a standard application strategy at a 90% control 
level. A hybrid vigor simulation is used for the genetic 
parameters. The AZ-R allele has a 0.2 level of dominance 
with 0.83 and 0.98 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.97 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 20 Computer simulation of resistance development in 
CPB using a mixture strategy at a 90% control level. A 
hybrid vigor simulation is used for the genetic parameters. 
The AZ-R allele has a 0.2 level of dominance with 0.83 and 
0.98 relative fitness levels for the homozygote and 
heterozygote, respectively. The PE-R allele has a 0.05 
level of dominance with 0.95 and 0.97 relative fitness 
values for the homozygote and heterozygote, respectively. 
The AV-R allele was adjusted to intermediate values between 
the two strains and has a 0.13 level of dominance with 0.89 
and 0.97 relative fitness levels for the homozygote and 
heterozygote, respectively 
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Fig. 21 Computer simulation of resistance development in 
CPB using a threshold sequential rotation strategy at a 90% 
control level. A hybrid vigor simulation is used for the 
genetic parameters. The AZ-R allele has a 0.2 level of 
dominance with 0.83 and 0.98 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.97 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 22 Computer simulation of resistance development in 
CPB using an alternating sequential rotation strategy at a 
90% control level. A hybrid vigor simulation is used for 
the genetic parameters. The AZ-R allele has a 0.2 level of 
dominance with 0.83 and 0.98 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.97 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 23 Computer simulation of resistance development in 
CPB using a standard application strategy at a 97% control 
level. A hybrid vigor simulation is.used for the genetic 
parameters. The AZ-R allele has a 0.2 level of dominance 
with 0.83 and 0.98 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.97 relative fitness levels for the 
homozygote and heterozygote, respectively 
li
nk
ag
e 
di
se
qu
il
ib
ri
um
 
110 
Ill 
Fig. 24 Computer simulation of resistance development in 
CPB using a mixture strategy at a 97% control level. A 
hybrid vigor simulation is used for the genetic parameters. 
The AZ-R allele has a 0.2 level of dominance with 0.83 and 
0.98 relative fitness levels for the homozygote and 
heterozygote, respectively. The PE-R allele has a 0.05 
level of dominance with 0.95 and 0.97 relative fitness 
values for the homozygote and heterozygote, respectively. 
The AV-R allele was adjusted to intermediate values between 
the two strains and has a 0.13 level of dominance with 0.89 
and 0.97 relative fitness levels for the homozygote and 
heterozygote, respectively 
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Fig. 25 Computer simulation of resistance development in 
CPB using a threshold sequential rotation strategy at a 97% 
control level. A hybrid vigor simulation is used for the 
genetic parameters. The AZ-R allele has a 0.2 level of 
dominance with 0.83 and 0.98 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.97 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 26 Computer simulation of resistance development in 
CPB using an alternating sequential rotation strategy at a 
97% control level. A hybrid vigor simulation is used for 
the genetic parameters. The AZ-R allele has a 0.2 level of 
dominance with 0.83 and 0.98 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.97 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 27 Computer simulation of resistance development in 
CPB using a standard application strategy at a 90% control 
level. A non-hybrid vigor simulation is used for the 
genetic parameters. The AZ-R allele has a 0.2 level of 
dominance with 0.83 and 0.91 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.94 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 28 Computer simulation of resistance development in 
CPB using a mixture strategy at a 90% control level. A non¬ 
hybrid vigor simulation is used for the genetic parameters. 
The AZ-R allele has a 0.2 level of dominance with 0.83 and 
0.91 relative fitness levels for the homozygote and 
heterozygote, respectively. The PE-R allele has a 0.05 
level of dominance with 0.95 and 0.97 relative fitness 
values for the homozygote and heterozygote, respectively. 
The AV-R allele was adjusted to intermediate values between 
the two strains and has a 0.13 level of dominance with 0.89 
and 0.94 relative fitness levels for the homozygote and 
heterozygote, respectively 
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Fig. 29 Computer simulation of resistance development in 
CPB using a threshold sequential rotation strategy at a 90% 
control level. A non-hybrid vigor simulation is used for 
the genetic parameters. The AZ-R allele has a 0.2 level of 
dominance with 0.83 and 0.91 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.94 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 30 Computer simulation of resistance development in 
CPB using an alternating sequential rotation strategy at a 
90% control level. A non-hybrid vigor simulation is used 
for the genetic parameters. The AZ-R allele has a 0.2 level 
of dominance with 0.83 and 0.91 relative fitness levels for 
the homozygote and heterozygote, respectively. The PE-R 
allele has a 0.05 level of dominance with 0.95 and 0.97 
relative fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.94 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 31 Computer simulation of resistance development in 
CPB using a standard application strategy at a 97% control 
level. A non-hybrid vigor simulation is used for the 
genetic parameters. The AZ-R allele has a 0.2 level of 
dominance with 0.83 and 0.91 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.94 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 32 Computer simulation of resistance development in 
CPB using a mixture strategy at a 97% control level. A non¬ 
hybrid vigor simulation is used for the genetic parameters. 
The AZ-R allele has a 0.2 level of dominance with 0.83 and 
0.91 relative fitness levels for the homozygote and 
heterozygote, respectively. The PE-R allele has a 0.05 
level of dominance with 0.95 and 0.97 relative fitness 
values for the homozygote and heterozygote, respectively. 
The AV-R allele was adjusted to intermediate values between 
the two strains and has a 0.13 level of dominance with 0.89 
and 0.94 relative fitness levels for the homozygote and 
heterozygote, respectively 
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Ficj* 33 Computer simulation of resistance development in 
CPB using a threshold sequential rotation strategy at a 97% 
control level. A non-hybrid vigor simulation is used for 
the genetic parameters. The AZ-R allele has a 0.2 level of 
dominance with 0.83 and 0.91 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.94 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 34 Computer simulation of resistance development in 
CPB using an alternating sequential rotation strategy at a 
97% control level. A non-hybrid vigor simulation is used 
for the genetic parameters. The AZ-R allele has a 0.2 level 
of dominance with 0.83 and 0.91 relative fitness levels for 
the homozygote and heterozygote, respectively. The PE-R 
allele has a 0.05 level of dominance with 0.95 and 0.97 
relative fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.94 relative fitness levels for the 
homozygote and heterozygote, respectively 
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Fig. 35 Computer simulation of resistance development in 
CPB using a standard application strategy at a 90% control 
level. A coadaptation simulation is used for the genetic 
parameters. Genetic parameters are modelled with the severe 
fitness disadvantages that would be associated with R~ 
alleles if modifying factors were important in resistance 
development. The levels of dominance are 0.2, 0.05, and 
0.13 for AZ-R, PE-R, and AV-R, respectively. The relative 
fitness levels are 0.6 for all homozygotes and 0.8 for all 
heterozygotes. 
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Fig. 36 Computer simulation of resistance development in 
CPB using a mixture strategy at a 90% control level. A 
coadaptation simulation is used for the genetic parameters 
Genetic parameters are modelled with the severe fitness 
disadvantages that would be associated with R-alleles if 
modifying factors were important in resistance development 
The levels of dominance are 0.2, 0.05, and 0.13 for AZ-R, 
PE-R, and AV-R, respectively. The relative fitness levels 
are 0.6 for all homozygotes and 0.8 for all heterozygotes. 
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Fig. 37 Computer simulation of resistance development in 
CPB using a threshold sequential rotation strategy at a 90% 
control level. A coadaptation simulation is used for the 
genetic parameters. Genetic parameters are modelled with 
the severe fitness disadvantages that would be associated 
with R-alleles if modifying factors were important in 
resistance development. The levels of dominance are 0.2, 
0.05, and 0.13 for AZ-R, PE-R, and AV-R, respectively. The 
relative fitness levels are 0.6 for all homozygotes and 0.8 
for all heterozygotes. 
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Fig. 38 Computer simulation of resistance development in 
CPB using an alternating sequential rotation strategy at a 
90% control level. A coadaptation simulation is used for 
the genetic parameters. Genetic parameters are modelled 
with the severe fitness disadvantages that would be 
associated with R-alleles if modifying factors were 
important in resistance development. The levels of 
dominance are 0.2, 0.05, and 0.13 for AZ-R, PE-R, and AV-R, 
respectively. The relative fitness levels are 0.6 for all 
homozygotes and 0.8 for all heterozygotes. 
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39 Computer simulation of resistance development in 
CPB using a standard application strategy at a 97% control 
level. A coadaptation simulation is used for the genetic 
parameters. Genetic parameters are modelled with the severe 
fitness disadvantages that would be associated with R- 
alleles if modifying factors were important in resistance 
development. The levels of dominance are 0.2, 0.05, and 
0.13 for AZ-R, PE-R, and AV-R, respectively. The relative 
fitness levels are 0.6 for all homozygotes and 0.8 for all 
heterozygotes. 
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Fig. 40 Computer simulation of resistance development in 
CPB using a mixture strategy at a 97% control level. A 
coadaptation simulation is used for the genetic parameters 
Genetic parameters are modelled with the severe fitness 
disadvantages that would be associated with R-alleles if 
modifying factors were important in resistance development 
The levels of dominance are 0.2, 0.05, and 0.13 for AZ-R, 
PE-R, and AV-R, respectively. The relative fitness levels 
are 0.6 for all homozygotes and 0.8 for all heterozygotes. 
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Fig. 41 Computer simulation of resistance development in 
CPB using a threshold sequential rotation strategy at a 97% 
control level. A coadaptation simulation is used for the 
genetic parameters. Genetic parameters are modelled with 
the severe fitness disadvantages that would be associated 
with R-alleles if modifying factors were important in 
resistance development. The levels of dominance are 0.2, 
0.05, and 0.13 for AZ-R, PE-R, and AV-R, respectively. The 
relative fitness levels are 0.6 for all homozygotes and 0.8 
for all heterozygotes. 
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Fig. 42 Computer simulation of resistance development in 
CPB using an alternating sequential rotation strategy at a 
97% control level. A coadaptation simulation is used for 
the genetic parameters. Genetic parameters are modelled 
with the severe fitness disadvantages that would be 
associated with R-alleles if modifying factors were 
important in resistance development. The levels of 
dominance are 0.2, 0.05, and 0.13 for AZ-R, PE-R, and AV-R, 
respectively. The relative fitness levels are 0.6 for all 
homozygotes and 0.8 for all heterozygotes. 
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Fig. 43 Computer simulation of resistance development in 
CPB at different levels of dominance. PE-R is sex-linked 
and has a 0.05 level of dominance. AV-R is autosomal and 
the levels of dominance are given in the figure. Both 
alleles have relative fitness values of 0.95 and 0.97 for 
the homozygote and heterozygote, respectively. 
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Fig. 44 Computer simulation of resistance development in CPB 
using a two insecticide mixture strategy at a 97% control 
level. A hybrid vigor simulation is used for the genetic 
parameters. The AZ-R allele has a 0.2 level of dominance 
with 0.83 and 0.98 relative fitness levels for the 
homozygote and heterozygote, respectively. The PE-R allele 
has a 0.05 level of dominance with 0.95 and 0.97 relative 
fitness values for the homozygote and heterozygote, 
respectively. The AV-R allele was adjusted to intermediate 
values between the two strains and has a 0.13 level of 
dominance with 0.89 and 0.97 relative fitness levels for the 
homozygote and heterozygote, respectively 
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SUMMARY 
The genetic characteristics of azinphosmethyl and 
permethrin resistance in the various CPB strains were 
discussed. Azinphosmethyl resistance was high due to an 
intermediate factor, although modifying factors may 
influence dominance. There was a fitness disadvantage 
associated with the azinphosmethyl homozygote, but no 
fitness disadvantage was associated with the heterozygote. 
Permethrin resistance appears to be due to a sex—linked, 
recessive factor. There is almost no fitness disadvantage 
associated with permethrin resistance. 
An attempt was made to establish an avermectin resistant 
strain of CPB through the use of EMS and through field 
spraying. Although beetles did survive selection, an 
avermectin resistant colony could not be generated from 
these survivors. 
Synergistic studies were conducted using DEF, DEM, and 
PBO. DEM and PBO had little synergistic effect with 
azinphosmethyl, while DEF had a moderate amount in all three 
strains. Because of this and the high level of resistance 
to azinphosmethyl the possiblity of an altered 
cholinesterase as a resistant mechanism in the MA-R and AZ-R 
strains CPB is highly likely. Permethrin had high levels of 
synergism to DEF and PBO in the MA-R strain. The PE-R 
strain also had a high level of synergism with PBO, but the 
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level of synergism to DEF decreased. The possibility exists 
that the esteratic component of permethrin resistance (e.g. 
permethrin hydrolase) was lost during purification of the 
PE-R strain. There was little synergism of DEM to 
permethrin. 
Of the four application strategies tested with the 
computer simulation model, only the mixture strategy at a 
high selection level (i.e. 97%) had any effect in slowing 
resistance development. However, this benefit may not be 
enough to justify the increased economic and environmental 
cost of the mixture strategy. 
Although there was some regression of R-alleles in the 
threshold sequential rotation strategy after selection 
stopped, this was apparently not enough to make the 
sequential rotation strategy useful in delaying resistance. 
In the present model, a low level of selection (i.e. 90%) 
was found to delay resistance compared to the high level of 
selection (i.e. 97%) with standard application and 
sequential rotation of insecticides (i.e. 19 generations 
compared to 15 generations). In the mixture strategy, a 
high level of selection delayed resistance slightly (i.e. 19 
generations to 20 generations). In the coadaptation 
simulation, the mixture strategy was more efficacious (i.e. 
34 generations) than the sequential rotation strategies 
(i.e. 21 generations). The apparent sex-linkage of 
permethrin resistance made the recessive R—allele 
155 
essentially dominant, and so it rapidly developed 
resistance. Due to the lack of any real fitness 
disadvantage of permethrin resistance and its sex-linkage, 
the future of permethrin as a CPB control agent looks bleak. 
Finally, linkage disequilibrium factors between any two 
alleles in the model appears to have had little effect, and 
can be considered trivial. 
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